Objectives: Tricuspid valve annuloplasty (TVP) has been advocated concomitantly with left-sided cardiac surgery in case of more than moderate tricuspid regurgitation (TR) or tricuspid annular dilation (TAD) (diameter >40 mm or 21 mm/m 2 ) even in the absence of significant TR. Data on postoperative right ventricular (RV) remodeling are lacking in such patients.
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Therefore, tricuspid valve annuloplasty (TVP) has been advocated to be performed concomitantly in case of more than moderate TR (TR >2þ) and, more recently, also in case of tricuspid annular dilation (TAD, defined as a tricuspid annular diameter >40 mm or 21 mm/m 2 ), irrespectively of TR. 4, 5 The rationale for performing TVP, even in patients with TAD but without significant TR (TR 2þ), relies on evidence that TAD is an ongoing disease process that over time often leads to severe functional TR. 6 Although the effect of mitral valve surgery on left ventricular (LV) geometry and function in patients with severe mitral regurgitation (MR) has been extensively studied, 7-13 data on right ventricular (RV) geometry and function changes in response to TVP are surprisingly scarce. Although results have shown that mitral valve repair (MVP) induces reverse LV remodeling in a gradual and time-dependent fashion, it is not known whether TVP has similar beneficial effects on RV shape and function. Furthermore, it is not known whether the effects of TVP are different for patients with severe coexistent TR compared with those in whom mere TAD was the reason to intervene on the tricuspid valve.
Therefore, the objectives of this study were as follows: (1) to determine the differential effects on RV size, geometry, and function of TVP performed because of severe TR versus TAD without significant TR in patients scheduled for mitral valve surgery and (2) to compare the echocardiography data of this population with data from a propensitymatched cohort of patients undergoing similar procedures without TVP. Ziekenhuis Oost-Limburg (Genk, Belgium). These comprised mitral repair (MVP) or replacement (MVR) procedures in all patients, with a proportion of patients receiving concomitant coronary artery bypass grafting and/or concomitant aortic valve surgery. Concomitant TVP was systematically performed in 137 patients, when more than moderate TR (TR>2, ie, color Doppler jet area/atrial area>20% 14 ) and/or TAD (tricuspid annular diameter>40 mm or>21 mm/m
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2 ) was present. Only patients with complete preoperative and postoperative (3-6 months) echocardiography data and examinations performed at our center were included in the analysis. The TVP population thus consisted of 45 consecutive patients who underwent TVP together with left-sided heart surgery. There were no patients with structural (organic) tricuspid valve disease in the study population. From the remaining 53 patients undergoing mitral valve surgery without concomitant TVP, we recruited a control population of 33 patients by using propensity matching for age, gender, LV ejection fraction, LV enddiastolic volume, and cardiopulmonary bypass time. The study was approved by the locally appointed ethics committee, which waived the need for individual consent owing to the retrospective and observational nature of the study.
Surgical Procedure
All surgical procedures were performed through midline sternotomy under normothermic cardiopulmonary bypass with intermittent antegrade warm blood cardioplegia. Patients with an indication for revascularization underwent coronary artery bypass grafting first. Subsequently, the mitral valve was exposed through a vertical transseptal approach along the right border of the foramen ovale, leaving the left atrial roof untouched. In patients with structural mitral valve disease, MVP was performed after thorough intraoperative visual and echocardiographic valve analysis according to standard Carpentier techniques. 15 In patients in whom the mitral valve was deemed irreparable, MVR was performed. Mitral annuloplasty ring size was determined after careful measurement of the height of the anterior leaflet; in patients with functional MR, downsizing by 2 sizes (ie, size 26 when measuring 30) of a complete semirigid annuloplasty ring (Carpentier-Edwards Physio Ring; Edwards Lifesciences, Irvine, Calif) was routinely performed. In patients with severe degenerative aortic valve disease, aortic prosthetic valve replacement was performed if indicated. TVP was subsequently performed, also on normothermic cardiopulmonary bypass with intermittent antegrade warm blood cardioplegia, with a Carpentier-Edwards MC3 ring (Edwards Lifesciences) using the surface of the anterior leaflet as a reference. In patients with severe tricuspid valve leaflet tethering (ie, !8-mm tethering distance), an additional pericardial patch augmentation of the anterior leaflet was performed to increase tricuspid leaflet coaptation. 16 The restored leaflet coaptation was confirmed at the time of surgery by filling the RV and/or LV with saline through a bulb syringe and by visually inspecting the leaflets. Additionally, after weaning from cardiopulmonary bypass, intraoperative transesophageal echocardiography was used to assess the result of the valve reconstructions.
Transthoracic Echocardiography
Comprehensive 2-dimensional echocardiography examinations were performed with a commercially available system (IE33; Philips Medical Systems, Andover, Mass). Standard 2-dimensional and Doppler echocardiographic images were acquired in the left lateral decubitus position using a phased-array transducer in the parasternal and apical views by experienced cardiac sonographers. Three consecutive cardiac cycles were recorded and stored for subsequent offline analysis. LV end-diastolic and end-systolic dimensions were measured from parasternal acquisitions. LV volumes and ejection fraction were calculated using Simpson's biplane method according to the guidelines of the American Society of Echocardiography. 17 Left and right atrial areas were measured by planimetry at end-systole from the apical 4-chamber views. Left atrial volumes were measured by Simpson's biplane method. Color flow was applied in the apical 4-chamber view to assess severity of TR, which was graded semiquantitatively on a scale from 0 to 4 as follows: 0, none or trace; 1þ, jet area/atrial area <10% (mild TR); 2þ, jet area/atrial area 10% to 20% (moderate TR); 3þ, jet area/atrial area 20% to 33% (moderate-to-severe TR); and 4þ, jet area/atrial area >33% (severe TR). 14, 18 From the apical 4-chamber view, the RV end-systolic and end-diastolic areas were measured by planimetry with the transducer positioned to maximize the RV area and to include the RV apex. RV fractional area change (RVFAC) was used to determine RV systolic function and was calculated by the following formula:
19 RV long-axis length and RV short-axis width at the midventricular level were measured as described by Matsunaga and Duran 20 and used to calculate the end-diastolic RV sphericity index as previously described (RVSI ¼ RV long-axis length/RV short-axis width). 21 Systolic pulmonary artery pressure was measured by echocardiography using the modified Bernoulli equation on the transtricuspid continuous-wave Doppler signal, while adding right atrial pressure. In a minority of patients with no transtricuspid Doppler signal on preoperative echocardiography, systolic pulmonary artery pressure was adapted from preoperative right heart catheterization.
Statistical Analysis
Results are expressed as mean AE standard deviation for continuous variables and as percentages for categorical variables. Continuous variables were compared using the 2-tailed Student t test or the Wilcoxon signed rank test when the normality test failed. Categorical values were compared using the Fisher exact test. Interobserver and intraobserver agreement for RVFAC and RVSI measurement was tested by Bland-Altman analysis. Statistical analyses were performed using the Statistical Package for Social Sciences release 20.0 (SPSS, Inc, Chicago, Ill). We had full access to the data and take responsibility for its integrity. All of us have read and agreed to the manuscript as written.
RESULTS
Patient Characteristics
Baseline characteristics of the patients are summarized in Table 1 . Mitral valve disease was the primary indication for cardiac surgery in both groups: 40 (89%) patients and 27 (82%) patients underwent MVP in the TVP and control groups, respectively, whereas 5 (11%) patients and 6 (18%) patients needed MVR in both groups, respectively. In the TVP group, 29% of TVP procedures were performed because of more than moderate (>2þ) preoperative functional tricuspid insufficiency and 71% because of TAD
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(>40 mm or 21 mm/m 2 ) in the absence of significant ( 2þ) TR. Pericardial patch augmentation of the anterior leaflet was performed in 2 (4%) TVP patients. There was a significant difference in baseline right and left atrial dimensions between the 2 groups, likely explaining a higher incidence of atrial fibrillation in TVP patients, accounting for a relatively higher rate of maze procedures in this group and a difference in baseline anticoagulation therapy. Valvular repair was successful with residual MR/TR 1þ in all patients as noted by periprocedural transesophageal echocardiography. Mortality at 3 months in the 197 patients with follow-up at our center was 15.1% (13/86) in the TVP group and 10.8% (12/111) in the control group.
Echocardiographic Remodeling
Preoperative and postoperative echocardiography data are shown in Table 2 . Postoperative data were obtained after a mean follow-up of 4.9 AE 3.0 months in the TVP group and 4.5 AE 2.6 months in the control group. A favorable change in RV geometry was observed in the TVP group as RVSI increased from 1.99 AE 0.33 to 2.21 AE 0.42 (P < .001, Figure 2) ; that is, the RV became significantly less spherical. The opposite was observed in the control group, where the RVSI decreased from 2.34 AE 0.52 to 2.17 AE 0.13 (P ¼ .05) after mitral valve surgery. Indexed RV enddiastolic area increased significantly in the control group after surgery (from 10.3 AE 1.9 to 11.7 AE 2.6 cm 2 /m 2 ; P ¼ .003) but remained unchanged in the TVP group (from 12.0 AE 3.5 to 11.8 AE 3.6 cm 2 /m 2 , P ¼ .7). Furthermore, there was a nonsignificant decrease in RV contractile function, as measured by RVFAC, after surgery in both groups (from 40.9% AE 12.1% to 37.5% AE 14.0% in TVP patients and from 44.2% AE 11.1% to 40.6% AE 10.2% in control patients; P ¼ .1 and P ¼ .08, respectively). TR grade decreased significantly in the TVP group after surgery (from 2.0 AE 1.1 to 0.5 AE 0.7; P <.001), whereas a slight but significant increase in TR was noted in the control group at follow-up (from 0.5 AE 0.7 to 1.2 AE 1.1; P ¼ .001), as depicted in Table 2 . In control patients, indexed tricuspid annular dimensions increased significantly (from 1.91 AE 0.39 cm/m 2 to 2.08 AE 0.33 cm/m 2 ; P ¼ .003), with progression toward more than moderate TR in 4 (12%) patients. LV dimensions and function remained overall unchanged in both groups.
When RV geometry and function after surgery in TVP patients were compared with more than moderate TR (n ¼ 13) versus TAD without significant TR (n ¼ 32), a significant increase in RVSI was noted in both groups (from 1.90 AE 0.33 to 2.13 AE 0.41, and from 2.02 AE 0.32 to 2.24 AE 0.43; P ¼ .04 and P ¼ .007, respectively) ( Table 3) . Furthermore, there was a significant decrease in RV enddiastolic area only in the group with more than moderate TR (Figure 2 ). RVFAC declined significantly in patients with more severe TR at baseline, whereas it remained relatively unchanged in those undergoing TVP because of TAD (from 42.5% AE 8.8% to 35.6% AE 6.9% and from 40.2% AE 13.3% to 38.3% AE 9.6%; P ¼ .02 and P ¼ .5, respectively).
Determinants of Postoperative RV Size and Function
In both patient groups, substantial variance in the difference between preoperative and postoperative RVFAC and RV end-diastolic area could be observed (Figure 3 ). To find possible determinants of these postoperative changes, we performed a univariable logistic regression analysis on the entire study population (TVP and control patients), after dichotomization into presence/absence of >5% postoperative increase in RV end-diastolic area and >10% decrease in RVFAC, that is, dichotomization at the level of the median. Among the many variables evaluated in the regression analysis were age at operation, cardiopulmonary bypass time, aortic clamp time, baseline medication, medical history, preoperative systolic pulmonary artery pressure, baseline RVFAC, RVSI, and RV end-diastolic area. This analysis, however, yielded no statistically significant predictor for postoperative increase in RV dimensions nor for decrease in RV function.
Interobserver and Intraobserver Variability
Preoperative and postoperative echocardiographic studies from 12 randomly selected patients were used to evaluate interobserver and intraobserver variability in the measurement of RVSI and RVFAC. The results showed good agreement for both measurements. The mean difference in RVFAC between different observers was 5.07% AE 2.67%; for the same observer, 3.51% AE 1.43%. The mean difference in RVSI between different and similar observers was 0.38 AE 0.24 and 0.22 AE 0.19, respectively.
DISCUSSION
The main finding of the current study is that performing TVP at the time of mitral valve surgery in patients with more than moderate TR or TAD without significant TR leads to favorable changes in RV geometry, with the RV becoming more elliptical and less spherical as illustrated by an increase in RVSI. These favorable changes did not occur in a propensity-matched control population. On the contrary, a significant increase in RV size and sphericity was observed after mitral valve surgery in these patients, along with progressive TAD and TR. Finally, the effects of TVP are different for patients with more than moderate preoperative TR compared with patients receiving ''prophylactic TVP'' because of TAD without significant TR. A significant decrease in RV size, but also in RV systolic function, was present only in the former subgroup.
Recent observations that TR does not always regress after successful mitral valve surgery and that occurrence of late TR has an adverse impact on exercise capacity, reoperation rate, and outcome [1] [2] [3] 22, 23 have generally encouraged surgeons to routinely perform TVP at the time of mitral valve surgery when severe coexistent TR or tricuspid valve disease is present. In 2005, Dreyfus and associates 6 reported on 311 patients undergoing MVP, showing that remodeling annuloplasty of the tricuspid valve should be based on the presence of TAD rather than the grade of TR. Accordingly, guidelines on the management of valvular heart diseases underwent further refinement, recommending correction also for TR 2 in case of significant TAD (diameter >40 mm or >21 mm/m 2 ). 4, 5 Our center, which is an experienced tertiary care and referral center, has strictly implemented these novel guidelines into daily clinical practice since 2007. Our current findings suggest that this strategy has beneficial effects on RV geometry and remodeling, that is, that TVP may induce ''reshaping'' of the RV and abolish the asymmetric and spherical dilation, which is most apparent at end-diastole, particularly in patients with significant preexisting TR. Restoring or preserving a normal RV shape and avoiding diastolic distortion of the interventricular septal geometry caused by RV volume overload may be an important factor to maintain or improve LV preload and ejection fraction. 24, 25 Our results are in accordance with other recently published data, 26, 27 demonstrating that TVP performed concomitantly with MVP effectively inhibits ongoing RV dilation and associated postoperative TR.
Importantly, our study adds a couple of valuable nuances. Contrary to what might have been expected, concomitant tricuspid valve surgery did not lead to a reduction in RV size in the entire TVP population after 5 months of follow-up. Only patients with more than moderate TR at baseline experienced a decrease in diastolic RV size after corrective tricuspid valve repair, comparable with what has been reported in previous studies on the hemodynamic effects of TVP in patients with severe TR. 28, 29 Therefore, our findings indicate a significant correlation between the preoperative severity of TR and the subsequent change in end-diastolic RV size, and support previous findings by Kim and coworkers, 28 which showed that the extent of RV reverse remodeling after TVP is directly proportional to the extent of RV volume overload before surgery. In contrast, patients with TAD but only mild TR at baseline exhibited a small (albeit nonsignificant) increase in enddiastolic RV volume after surgery. Similarly, a decrease in RV function assessed by RVFAC was seen only in those with severe preexistent TR. This was anticipated, inasmuch as RVFAC is an ejection phase index that tends to overestimate ventricular contractile function in the presence of severe TR because of favorable loading conditions stemming from an increase in preload and decrease in afterload owing to the low impedance of the right atrium. Nevertheless, also in the subgroup of TVP patients receiving TVP because of TAD, as well as in the control population, substantial variance was found in postoperative change in RVFAC, with RV contractile force improving in some, but deteriorating in others. These findings lead us to believe that at least in some patients, perhaps more complex procedures (ie, combined mitral and aortic surgery or difficult/ time-consuming repair procedures) with prolonged aortic crossclamping times, are not well tolerated by the RV, despite adequate intermittent warm blood cardioplegia (in our patients intermittent cardioplegia of 3 minutes is applied every 15 minutes). These procedures might occasionally lead to postoperative adverse RV remodeling with ongoing RV dilation and significant deterioration of RV function despite correction of the left-sided lesion. Exactly in these patients, combining left-sided heart surgery with ''prophylactic TVP'' may prove beneficial at long-term follow-up and prevent de novo or gradually worsening TR. Our study lacked statistical power to discriminate distinct predictors of postoperative size and function, yet more information is clearly needed to explain why in some patients the RV is more vulnerable to ischemia/ reperfusion injury that is probably unavoidable during these prolonged procedures, despite routine implementation of protective strategies to prevent myocardial ischemia during cardioplegic heart arrest.
Once the left-sided lesion(s) have been addressed, a subsequent improvement in cardiac output may increase RV preload further and also lead to higher end-diastolic RV volumes, particularly in patients with lesser degrees of TR preoperatively. Indeed, increased preload and higher RV end-diastolic volumes may cause RV papillary muscle displacement and result in severe TR even in the absence of TAD, as shown recently. 30 This subsequent rise in RV preload may be another important mechanistic cause of recurrent or progressive TR that is frequently observed late after mitral valve surgery and constitutes the rationale for our surgeons to consider TVP in patients scheduled for left-sided heart surgery when TAD is present, despite absence of significant TR.
Future well-powered studies implementing advanced imaging modalities and more sophisticated parameters of RV function are needed to address the complete impact of concomitant TVP on RV function and geometry, as well as to determine the impact of TVP on clinical outcome. These studies should also examine whether it is reasonable to lower the threshold for concomitant TVP even further once the complexity of left-sided surgery or the anticipated aortic crossclamping time attains a certain level. Our center has therefore recently initiated a prospective randomized trial in patients with isolated TAD scheduled for left-sided heart surgery, with careful clinical followup and systematic dedicated imaging of the right ventricle at predefined time points (Clinicaltrials.gov identifier: NCT01580436).
Study Limitations
Obvious limitations inherent in the retrospective study design should be considered when these findings are interpreted. We acknowledge that follow-up duration was short in our study population and not enough to determine the long-term effects of TVP concomitant with mitral valve surgery. The sample size was small, with only 25% of all mitral valve procedures analyzed in this study. Furthermore, inasmuch as our mitral valve population comprised the whole spectrum of mitral valve disease instead of 1 type of mitral lesion, we were not able to differentiate the observed beneficial effect of TVP according to the different types of mitral valve disease. Previous studies have shown a potential benefit of TVP in patients with functional MR and rheumatic mitral valve diseases, whereas the effect of TVP in a degenerative prolapse population remains debated. 23, 31, 32 In addition, our control population could not be matched to the TVP population with regard to RV function, geometry, and tricuspid annular dimension owing to the judicious implementation of the guidelines regarding concomitant TVP at our center. Finally, it may be argued that evaluation of RV function using 2-dimensional echocardiography is problematic because of the complex RV geometry and the sometimes limited definition of the endocardial surface caused by heavy trabeculation. However, analysis was performed on images acquired by experienced personnel, and care was taken to measure RVFAC (a parameter of RV function that is widely validated in many previous studies) from a true nonforeshortened apical 4-chamber view. Future studies with longer follow-up using more sophisticated parameters than RV end-diastolic area or RVFAC (eg, 3-dimensional echocardiography or cardiac magnetic resonance imaging for serial assessment of RV volume and systolic function) are needed to evaluate the exact effect of TVP on RV size or function.
CONCLUSIONS
Adding TVP to mitral valve surgery in patients with more than moderate TR or TAD without significant TR leads to favorable short-time changes in RV geometry and prevents ongoing postoperative RV dilation. These changes are most pronounced in patients with already more than moderate TR at baseline. Longer follow-up using more sophisticated parameters is necessary to evaluate the exact mechanisms by which TVP influences RV remodeling and to evaluate its effects on clinical outcome.
